Twelve linker insertion mutations have been constructed in the 3' part of the pol gene of Moloney murine leukemia virus. This region of the Moloney murine leukemia virus genome encodes IN or p46P"', which is required for integration of the retroviral DNA into the host cell chromosome. Viral proteins synthesized by these mutants were used to pseudotype a neo-containing retroviral vector. Ten of twelve linker insertion mutant pseudotypes were unable to generate stable proviruses in infected mouse cells, as measured by the formation of G418-resistant colonies. Two mutants mapping at the 3' terminus of the IN-encoding region were competent for the formation of stable vector proviruses (hundreds of G418-resistant colonies per mutant pseudotypeinfected plate). Representative linker insertion mutants were also tested for the ability to synthesize viral unintegrated DNA in newly infected cells. All assayed mutants were capable of synthesizing all normal forms of viral unintegrated DNA. The structure of integrated vector proviruses generated by defective and nondefective linker insertion mutants was also analyzed. All replication-competent mutants generated normal proviruses, while the few obtainable proviruses generated by replication-defective mutants were sometimes aberrant in structure. These results argue strongly (and confirm previous data) that the IN-encoding region of pol does not play a significant role in DNA synthesis, but is absolutely required for the formation of normal proviral DNA.
The pol gene of replication-competent murine retroviruses encodes several enzymatic activities crucial to the viral life cycle. The 5' region ofpol encodes the viral protease, p14Po or PR (24) , which cleaves the gag and gag-pol polyprotein precursors into their processed mature proteins (7, 40) . The viral reverse transcriptase, p80IP°or RT (24) , contains RNAdependent and DNA-dependent DNA polymerase activities and enables the virus to synthesize in the infected cell a full-length viral DNA with long terminal repeats (LTRs) (6, 12, 21, 36, 37, 39) . In addition, RT contains an RNase H activity, which allows formation of the double-stranded viral DNA by degradation of the viral RNA when it is in an RNA-DNA duplex (12, 36, 39) . The 3' region ofpol codes for p46POl or IN (8, 23, 28, 32) . This region of pol is required for the efficient integration of the viral DNA into the host cell chromosome (8, 29, 32) .
There is biochemical and genetic evidence that IN enzymatically mediates retroviral integration. Purified polypeptides encoded by the 3' region of pol in avian and murine retroviruses have exhibited DNA-binding and DNA endonuclease activity in vitro (14, 23, 27) . Recent studies on the avian virus endonuclease activity indicate that it preferentially nicks single-and double-stranded viral circular DNAs at the junction between the two viral LTRs to potentially form a precursor DNA molecule for integration (5, 9, 15) . The viral IN may also be responsible for staggered cleavage of the chromosomal target DNA to generate short duplications of 4, 5, or 6 base pairs (bp) that flank the provirus (although there is no direct evidence for this activity).
Site-directed mutagenesis of the 3' part of pol in Moloney murine leukemia virus (Mo-MLV) has resulted in mutant viruses that are incapable of integrating their DNA (8, 16, 32) . These mutants can synthesize all three forms of viral unintegrated DNA (full-length linear molecules and circles with one or two LTRs). The replication block in these mutants occurs at some point between viral DNA synthesis and the formation of the intact provirus, presumably at the integration step itself. In previous studies, I have generated two mutations in the IN-coding region of Mo-MLV. The first mutant, MLV-SF1, contains a missense mutation that changes a highly conserved arginine to cysteine at amino acid 114 of IN (8) . MLV-SF2 contains a frameshift mutation in IN which also begins at amino acid 114 (16) . Viruses derived from both mutations are defective for the formation of normal proviruses, although MLV-SF1 is slightly leaky (16) . Schwartzberg et al. (32) have generated a series of deletion mutations in the IN-coding region, and the resulting mutant viruses are also defective for a productive infection. In vitro mutagenesis of the 3' pol region of avian retroviral genomes has generally resulted in viral mutants with a replication-deficient phenotype (18, 29 (20) . pMOVpsi-contains an integrated provirus of Mo-MLV which has a deletion in its packaging sequence so that its own genome cannot be packaged into virions (26) . pMX262neo was obtained from Mike Scott, University of California, San Francisco, and contains an Mo-MLV-derived retroviral vector missing pol and env sequences with a neo gene derived from Tn5 fused in-frame with gag. pMPE is a pXf3-based plasmid (17) After ligation with XhoI linkers, the plasmids were cleaved with XhoI and religated to a purified kanamycin resistance gene cassette derived from pUC4-KIXX digested with XhoI. These ligations were used to transform Escherichia coli C600 in the presence of kanamycin. Kanamycinresistant colonies were picked, and plasmids were purified by the method of Birnboim and Doly (3) and analyzed by restriction endonuclease mapping for the location of the inserted XhoI linker and kanamycin resistance cassette. Plasmids with the desired mutation were cleaved with XhoI and religated to remove the kanamycin cassettes. Fragments containing the mutation were purified from agarose gels following digestion with restriction enzymes, and these were ligated into pZAP and pMOVpsi-to generate full-length viral DNAs with a single linker insertion mutation.
Analysis of linker insertion mutations. DNA sequencing to confirm the sequence in the vicinity of each linker insertion mutation was performed using the dideoxy chain termination method (31) . pZAP and pMOVpsi-linker insertion mutant DNAs were directly sequenced by denaturation and reannealing with one of four 15-to 17-base oligonucleotide primers (OCS Laboratories, Denton, Tex.) identical to sequences in the Mo-MLV IN-encoding gene. The mutant template primer mixes were extended with a modified T7 polymerase (35) provided in the Sequenase sequencing kit (U.S. Biochemical Corp., Cleveland, Ohio).
Purification of mutant viral DNAs in infected cells was performed by the Hirt fractionation protocol (19) . Hirt supernatant DNAs (primarily extrachromosomal) and Hirt pellet DNAs (chromosomal) were purified, cleaved with restriction endonucleases, and subjected to agarose gel electrophoresis. The gels were then alkaline blotted to Zeta-Probe membranes (Bio-Rad Laboratories, Richmond, Calif.) and hybridized to Mo-MLV or neo DNA probes by the method of Reed and Mann (30) . 32P-labeled probes of high specific activity were generated with an oligolabeling kit (Pharmacia) by the method of Feinberg and Vogelstein (11) .
RESULTS

Generation of Mo-MLV IN linker insertion mutations.
Twelve linker insertion mutations were constructed spanning the region of Mo-MLV encoding the viral IN (p46POl).
Each linker insertion resulted in an insertion of 3 or 4 amino acid codons. The identity of the inserted amino acid codons varied depending on the original cleavage site of the restriction endonuclease and the size of the linker inserted. In liS137 and 1iS576, a single amino acid codon was lost from the original sequence as a result of the T4 DNA polymerase removal of four nucleotides in the construction of these mutants. All mutants maintained the original pol reading frame, which was confirmed by DNA sequencing in the vicinity of each mutation. The location of each of the linker insertion mutations is shown graphically in Fig. 1 .f. (8, 32). To confirm this observation for the linker insertion mutants, NIH 3T3 cells were infected with representative mutant viruses and assayed for the ability to synthesize all three forms of viral unintegrated DNA. As summarized in Table 1 and shown in Figure 2 , every tnutant tested synthesized linear and both circular forms (one and two LTRs) of viral DNA within 24 h after initial infection, a finding similar to that observed in a wild-type Mo-MLV infection. The variation in intensity of viral bands in Fig. 2 is probably Harvested virus medium (1 ml) was used to infect subconfluent NIH 3T3 cells on a 60-mm dish. The infected cells were placed in 500 ,ug of G418 per ml 24 h after infection. Ten days later, G418 colonies were counted on each infected plate. Individual colonies were isolated and amplified, and high-molecular-weight DNA was purified as previously described. The DNAs were cleaved with XbaI, electrophoresed, blotted, and hybridized to neo probe. DNAs producing 3.2-kb, neo-specific fragments were assumed to contain potentially normal proviruses. Fragments of other sizes were assumed to be abnormal proviruses.
resistant colonies after secondary infection of rat and mouse cells with medium from pooled colonies derived from primary infection with an li5750 (pZAP) pseudotype of pMX262neo. The other replication-competent mutant, li5770, was constructed in a pMOVpsi-background and therefore could not be tested by this restriction mapping assay (since the helper viral genome would not be present in newly infected cells), but the likelihood of recombination of this mutant genome in each of several independent cotransfections into rat-1 cells is exceedingly remote.
Analysis of proviruses formed by the linker insertion mutants. The formation of G418-resistant colonies by wild-type and mutant-pseudotyped neo retroviral vectors is dependent on stable integration of the vector provirus. As indicated in Table 1 , colony formation by 10 of the 12 linker insertion mutants does not occur or occurs at a very low frequency. However, the occasional colony that is generated by these replication-defective viruses can be amplified, and the structure of its vector provirus can be analyzed by restriction mapping techniques. The structure of proviruses generated by the two replication-competent mutants can also be analyzed. Past experiments have shown that replication-defective integrase mutants generate few proviruses and that the majority of those that are formed are structurally aberrant by restriction mapping (8, 16) .
High-molecular-weight DNA was purified from a number of G418-resistant colonies formed by the replication-competent mutant pseudotypes 1i5750 and li5770. A few colonies derived from replication-defective pseudotypes were also obtained, and their high-molecular-weight DNA was purified. The DNAs were cleaved with XbaI, which only cleaves once within each LTR of the retroviral vector pMX262neo to generate a 3.2-kb fragment if the vector provirus is integrated in a normal fashion. The observation of a fragment size other than 3.2 kb is evidence that the vector provirus is integrated abnormally. Each of the high-molecular-weight DNAs derived from individual G418-resistant colonies was cleaved with XbaI, subjected to agarose gel electrophoresis, blotted to nylon, and hybridized to a labeled neo DNA probe. The results are summarized in Table 2 and shown in Fig. 4 . All of the proviruses pseudotyped by wild-type Replication-competent linker insertion mutants generate structurally normal pseudotyped proviruses while the few pseudotyped proviruses generated by replication-defective mutants are sometimes abnormal. Individual G418-resistant colonies derived from infection with wild-type and mutant-pseudotyped retroviral vector pMX262neo were amplified, and high-molecular-weight DNA was purified. These DNAs were digested with XbaI, electrophoresed on a 0.8% agarose gel, blotted to nylon, and hybridized to a 1.1-kb, 32P-labeled neo fragment. A schematic map of normally integrated pMX262neo is shown at the top. Digestion of a normal pMX262neo provirus will yield a 3.2-kb neo-specific band after cleavage with XbaI.
Mo-MLV and the two replication-competent linker insertion mutants appeared to be structurally normal by XbaI restriction mapping. It was impossible to assess the structure of proviruses generated by seven of the replication-defective mutants because of their inability to form G418-resistant colonies. However, three mutants did produce a few isolated colonies. Two of these mutants generated one clearly abnormal provirus. The third generated two apparently normal proviruses. The results confirm that the replication-competent mutants are integrating their viral DNA in a normal manner. The failure of some of the replication-deficient mutants to consistently form normal proviruses correlates with their inability to generate significant numbers of G418-resistant colonies.
DISCUSSION
The results of the experiments described here are an extension of previous studies (8, 16) Katz and Skalka (22) , who engineered two mutations into the terminal 37-amino-acid codons of pol in avian sarcoma-leukosis virus and found that the resulting mutant viruses were not defective for replication. However, these 37 carboxy-terminal amino acids of pol in avian sarcoma-leukosis virus are removed during posttranslational processing and are not present in the mature pp32 endonuclease or the beta subunit of reverse transcriptase (1) . There is no evidence that C-terminal processing of Mo-MLV pol precursors occurs (21, 36) , and it is likely that 1i5750 and 1i5770 contain the inserted amino acids in their mature IN. The 1i5750 and 1i5770 mutations are located immediately 5' of the overlapping region between the 3' codons of pol and the amino terminal codons of the env leader segment. This pol-env overlapping region present in many retroviruses appears to undergo rapid sequence change and has no known function (22) . Therefore, this region and adjacent domains may be capable of significant alteration without impairment of the viral replication function.
One interesting feature of the IN-coding sequence is the presence of sequence elements characteristic of metalbinding domains found in proteins from a variety of eucaryotic organisms associated with nucleic acid binding (10) . The zinc-binding finger proteins have characteristic amino acid sequence motifs which are present to a limited extent in the amino acid sequence of IN. The primary characteristic of the finger proteins is the presence of closely linked cysteine and histidine residue pairs (C2 and H2) which interact to coordinate with a zinc atom. The IN protein has four histidine pairs and 1 cysteine pair (Fig. 1) . However, the relative spacing of these pairs does not conform to the finger protein consensus sequence which specifies 12 to 14 amino acid residues between adjacent cysteine and histidine pairs (10) . Moreover, only the cysteine pair and one of the histidine pairs appears to be conserved among all retroviruses (38) . Since the IN protein does have demonstrated DNA-binding activity (14, 27) , it may be of interest to determine whether mutations within these C2 and H2 segments affect integration. Fortuitously, linker insertion mutations have been introduced either within or immediately adjacent to all but one of the C2 and H2 pairs. All of these mutations result in replication-deficient viruses.
The replication-competent mutants and the replication- 
